As one kind of hygroscopic salts, bulk potash particle easily absorbs water vapor during storage and transportation process to form serious caking. The accumulation and movement of moisture is demonstrated to change with temperature. In this paper, a set of appropriate equations has been presented to formulate a mathematical model of coupled moisture and heat migration in thin pile beds of storage potash particle, assuming moisture diffusion and heat conduction as dominant transport mechanism. The numerical model is validated by comparison of numerical simulation results with experimental data from literature. Then the model is used as a reliable predictive tool to explore the moisture and heat migration for a packed potash bed with average particle size 3.66 mm. The sensitivity analysis presents the influence of the variation of effective thermal conductivity and effective diffusion coefficient.
Simultaneous Heat and Moisture Transfer Investigation
for a Packed Agricultural Particle Pile Bed
Introduction
As one of the most important fertilizers, potash is widely used in agriculture as one kind of necessary nutrient supplement for plant growth. The use of potash fertilizer has increased rapidly over the past several years in China. Million tonnes of potash are imported from Canada every year. The main chemical component of potash fertilizer is potassium chloride (i.e., more than 98%) or sylvite (KCl), with small fractions of sodium chloride or halite (NaCl) and carnallite (KMgCl 3 ·6H 2 O). These salts are hygroscopic with deliquescent relative humidities of about 52% for carnallite, 75% for halite, and 85% for sylvite. At high ambient air relative humidity, potash is especially susceptible to attack by airborne moisture. During storage and transportation processes when the local ambient air relative humidity is above 50% ambient relative humidity, some salts are dissolved on the particle surfaces (1) . Any subsequent drying process resulting from ambient air temperature and humidity fluctuations causes crystal bridges to form between particles, which, when extensive, is called caking (2) , (3) . Caking of potash is manifested as many particles bonded together to form large chunks. Caking in potash impedes the handling and flows of this granular particle and decreases the quality of potash. To avoid or decrease caking, it is essential to know the local history of the moisture content and moisture movement in a bed of potash. There are many factors that influence the rate and extent of caking, including chemical composition; moisture content; ambient air humidity; hydrostatic pressure and temperature. In order to develop an accurate model for water accumulation and redistribution within hygroscopic potash particles, it is necessary to consider moisture diffusion of vapor, adsorption/desorption and the influence of heat transfer. 
Nomenclatures

Description of Moisture Transfer and Caking Process
In generally, bulk potash is shipped from one port to another by hulled ship during transportation process and stored in large storehouses or storage sheds for extended periods. During the storage or transportation process, generally the moisture accumulating in potash particle takes place through the air-potash interface. Exposed surfaces of potash particle absorbed and accumulated moist air from humid air surrounding. Accumulated moisture will further penetrate into potash pile through a timedependent process to cause serious caking. This process tends to be irreversible. Water vapor inside the interstitial pore spaces between potash particles will diffuse from regions of higher vapor pressure to lower pressures. The schematic of a potash storage shed is shown in Fig. 1 .
As mentioned previously, the most common causes for caking are bulk particle consolidation and the formation of inter-particle bridges due to oscillating moisture migration with the change of ambient air temperature and humidity. The caking process is mainly related to the temperature cycling of the surface of the bulk materials, the humid air condition at the storage shed or at the surface of container. The fluctuation of interstitial air relative humidity and solid moisture content results in the existence of moisture concentration gradients and causes moisture migration via diffusion through the interstitial air. An equilibrium moisture sorption curve can be used to describe the relationship between air relative humidity and potash particle moisture content in Fig. 2 . When temperature decreases, the relative humidity in the air will increase. For the particle at the moisture content of condition 1, it will make particle toward to condition 2. The imbalance between current particle moisture content and its equilibrium moisture content 2 * corresponding for new humidity will cause particle undergo an adsorption process. Water vapor will be transported by vapor diffusion under moisture concentration gradient. This will form liquid bridges at particle-particle contact point. Similarly, when temperature increases, the reverse desorption process occurs and moisture evaporates from these bridges (4) . Therefore, the moisture transfer within a storage potash pile is inherently complicated because the water vapor transport process involves simultaneous heat and mass transfer at the interstitial air.
It is the purpose of this paper to numerically investigate the moisture and temperature distribution of an isolated storage potash pile. The coupled heat and moisture transfer model are formulated. Then the numerical simulation results will be presented.
The Statement of Physical Problem
To study how moisture transports within a potash pile, the physical domain of interest is simplified as shown in Fig. 3 . The moisture uptake in the potash particle surface occurs first by the convection effect at the pile surface at y = 0, followed by diffusion to the interior particle pile. At y = 0, potash particle is exposed to the moist condition. The air flux with constant relative humidity and temperature is over the surface of potash bed. At y = L, we have the following boundary condition to take into account the actual storage shed floor as impermeable boundary with constant temperature. Sidewalls are thought as impermeable and adiabatic so that moisture and heat transportation process within a potash pile can be simplified as one-dimensional problem. Moisture accumulation on the potash surface will further penetrate and transfer toward the inside of potash bed over time. Both heat diffusion and water vapor diffusion processes are considered to develop an appropriate mathematical model to numerically simulate heat and moisture transfer within potash pile.
The hygroscopic potash particle can be described as a mixture of a solid phase, a liquid phase, and a gaseous phase. The schematic is shown in Fig. 4 . Correspondingly, the averaged governing equations for the heat and mass transport based on the local volume averaging method, which locally volume averages the transport properties and equations of mass and energy transport over a representative elementary volume, are derived instead of separately solving the transport equations continuously for the solid and fluid phases. In a representative average volume, the volumetric fractions of the three phases keep the following constraint when solid phase is assumed to be a fixed frame in space (5) .
The derivation of mathematical formulation is strongly dictated by a physically realistic representation of mass and energy transport process. The mathematical model is based on the following assumptions: 1) Air flux over the top of potash pile is steady; 2) The transport process within the potash particle pile is only vapor and heat diffusion, moisture and heat transfer are assumed to be one-dimensional; 3) No chemical reactions take place and all phase are in local thermal and moisture equilibrium; 4) The potash bed is rigid and therefore there is no particle displacement or significant dissolution during the moisture transport process. Slightly volume changes of the particle pile due to the changing of moisture and water content are neglected; 5) Water vapor and air can be as ideal gases in the gaseous state; 6) The properties of potash particles are homogeneous and isotropic.
Mathematical Model Formulation
1 Governing equations
The moisture transport in potash particle pile can be described as a diffusion equation, which is mainly derived by vapor. This equation is incorporated into the energy conservation equation and the mass conservation equations of adsorbed aqueous phase.
1. The gas diffusion of water vapor is
2. The energy transfer through temperature gradients is
3. The continuity equation for the adsorbed aqueous phase is
The above conservation equations present the basic transport process. The phase change rateṁ is related to moisture content during moisture transport process and can be calculated using equatioṅ
where X is moisture content, φ is relative humidity and ρ s is potash density. Potash particle will undergo an adsorption/desorption process depending on the direction of the change of the local relative humidity. These effects result from the repeated uptake and release of moisture from particle are in response to various humidity and responsible for the potash caking. The value of the moisture content X at any relative humidity φ can be described using an equilibrium sorption isotherm curve shown in Fig. 2 . In order to fully consider hygroscopic effects (adsorption/dissolution), relevant supplementary equations which describe the equilibrium adsorption, desorption should be included. The equations for the best polynomial curve fit to obtain the moisture content in the model can be expressed as follows
where X m = 0.2%, C = 1.54, d , e , f , g are empirical constants and X is equilibrium moisture content and φ is relative humidity. In order to predict temperature and moisture distributions in the potash particle pile during storage process, knowledge of potash particle properties such as porosity, bulk density, effective thermal conductivity, effective vapor diffusivity etc. is necessary to know. Chen et al. experimentally and theoretically investigates some important property parameters required to model moisture transfer in a potash bed for different particle size range (6) , (7) . These parameters will be used directly in the model. The type of particle, the range of particle sizes and shapes and the packing, or pore space fraction, can affect the thermal conductivity of a dry potash bed. In terms of previous research, for the current granular potash particle, with the increase of potash particle diameter, the effective thermal conductivity will increase.
Effective diffusion coefficient D eff can be related to the diffusion coefficient of the water vapor inside the particle voids using the tortuosity, τ, and porosity, ε. It is given by
where D is the binary diffusion coefficient for water vapor in air, τ is tortuosity and ε is porosity. The ratio of porosity and tortuosity will influence effective diffusion coefficient for different particle size. A correlation between tortuosity and porosity provided by Akanni (8) is adopted in current study as follows
Effective thermal conductivity of moist potash particle greatly depends on its composition, particularly moisture content and temperature. Effective conductivity measurement as a function of composition and temperature is difficult. Most common way to be used is modeling effective thermal conductivity as the weighted addition of the conductivity of each component (9) 
where K s , K l and K g are thermal conductivities of potash solid, water and gas respectively, and S is the water saturation. Saturation is calculated as
By using the phase average method, the physical property change for the density and specific heat capacity of potash due to the moisture adsorption can be obtained as
To closure and solve transport equations mentioned previously, some supplementary thermodynamic relations and equations must be given as follows.
For water vapor in the presence of air, the partial pressure, P υsat , of water vapor in the saturated state for the temperature range from 0 to 200
• C is given by using the empirical equation shown in the ASHARE Handbook Fundamentals (1997) as (10) ln(
The enthalpy change of potash-moisture interactions was summarized as
2 Initial and boundary conditions
The above set of equations formulates the heat and water vapor transfer problem at any point within potash pile. To numerically solve these equations, the appropriate boundary and initial conditions must be specified. The formulation of these boundary and initial conditions are strongly dictated by a physically realistic representation of the studied region. Although ambient air flux is not at a uniform in reality, in order to conveniently develop model, it is possible to think ambient air flux is of average value of temperature and humidity condition of storage shed. Initially, air flux with constant relative humidity and temperature is uniform throughout the surface of potash bed at y = 0. At y = L, the bottom boundary is impermeable and with constant temperature. The boundary conditions are given as follows At y = 0, it is the third type convective boundary condition
At y = L, constant temperature and impermeable boundary makes
The initial potash particle is thought as dry particle. Thus the initial conditions are given as
In this paper, for the airflow with relative humidity about 70%, the resulting heat and moisture transfer coefficient are 32.44 W/(m 2 K) and 0.026 7 m/s respectively.
3 Numerical simulation procedure
To numerically solve the coupled governing equations, the partial differential equations are discretized using control volume method (11) . The typical control volume for the internal and boundary grid points and solution domain configuration for current one-dimensional case is depicted schematically in Figs. 5 and 6 .
The fully implicit scheme is employed for the time derivative and uniform grid spacing is illustrated as shown. The tri-diagonal solver is used in the calculation process and the under relaxed iteration method ensures a stable solution. The solution is considered to have converged when the maximum difference between the current values and those of previous iteration in any dependent variables (T , ρ υ ,ṁ, ε l , -ε υ ) is within a specified limit (current study is less than 1e −6 ) for any time step.
After the coupled nonlinear partial differential equations are discretized, the heat and mass transfer equations can be solved numerically companying with the known initial and boundary conditions and supplementary equations. The schematic of flow chart of calculation process was shown in Fig. 7 . Some necessary properties of dry potash particle for the numerical simulation are: ε = 0.477, K s = 0.61 W/(mK) for average diameter 2.18 mm potash particle; ε = 0.469, K s = 0.68 W/(mK) for average diam- 
4 Numerical model validation
The numerical model was validated to compare the simulation results with experimental data. In current study, more attention is concentrated on the validation of numerical model. Then to apply this model investigates the heat and mass transport process within different particle size bed. Therefore, there is no direct experimental measurement to be carried out. The experimental measured data from literature was used to verify the model reliability (12) . Figures 8 and 9 respectively show the comparison of temperature and moisture profile for a typical case. In this case, the potash particle bed with mean diameter 2.18 mm is investigated. The dimensionless parameter y * is used to represent the vertical depth which is defined as the ratio of vertical height (from bed top surface) to the thickness of actual potash bed. The average mois- 
Numerical Simulation Predication
Having validated model, the next step is to numerically investigate and predict the moisture and temperature profile for potash bed with different ranges of particle size. Generally, the size of processed potash can vary from 0.05 to 5 mm in diameter, but most commercial product has a narrower range of size from 3.35 mm to 3.96 mm. Chen et al. experimentally and numerically investigated some important properties required to model moisture transport within potash beds. It was shown that potash beds with different particle size are of different porosity, permeability and specific surface area, which influence the moisture accumulation and movement. A potash particle pile bed with height of 0.45 m was selected as the presentation of the numerical simulation predication in this study. Figures 10 -13 respectively present the simulation result for temperature, moisture content accumulation, relative humidity change and density vapor distribution profile within an average particle size 3.66 mm potash bed in different dimensionless depth. It is clear to show how those parameters change with time. It should be noted that most moisture accumulation is in the top region of pile bed. With pile increase of bed depth, moisture content accumulation rate decreases.
Sensitivity Study
The sensitivity analysis is carried out with reference to the effective thermal conductivity K eff and effective diffusion coefficient D eff . In order to investigate the influence of different K eff and D eff in current study, the effective thermal conductivity K eff and effective diffusion coefficient D eff are increased or decreased 10% respectively. Only one of these two parameters is altered for each simulation while another is hold as original value. Figures 14 and 15 respectively show the temperature and moisture content discrepancy for the change of K eff and D eff . It is obvious to present that the potash pile bed is of higher temperature with the decreasing of the effective thermal conductivity K eff . The increase of effective diffusion coefficient will result in more moisture transfer and the decrease of effective diffusion coefficient will cause a drop for moisture content.
Conclusions
In this paper, a numerical model taking into account one dimensional transient heat and moisture transfer by means of diffusion is developed to simulate coupled heat and moisture transport within a potash particle pile bed. The numerical model is firstly validated by comparison of numerical simulation results with experimental data for a selected particle size pile bed. Then this model is used as reliable predictive tool to investigate moisture and heat migration in a potash pile bed with average particle size 3.66 mm. Sensitivity study is carried out to illustrate the influence of effective thermal conductivity and effective diffusion coefficient. It is found that increasing effective thermal conductivity by 10% will result in the decrease in temperature variation of less than about 0.9%. Similarly, increasing effective diffusion coefficient by 10% will result in the decrease in moisture content of less than about 0.4%. This coupled heat and moisture transfer model will helpful to investigate moisture and heat distribution within a storage pile bed as prelude to particle caking study.
